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A study has been made of the physics and chemistry involved when energy is deposited 

into the upper atmosphere by electrons.   Calculations have been made both of the size and 
shape of the electron interaction region and of the radiation intensity produced in that region. 
The results of the NASA artificial aurora experiment performed by Hess et. ah, in 1909 has 
been analyzed in this context.   The emission produced from electron interaction with the 
atmosphere in the 3500 to 8000A region has been analyzed.   The size and shape of the 
observed region have been calculated by fitting laboratory- measurements to the earth's 
exponential atmosphere, taking into account the geomagnetic field and are attributed to 
prompt radiation from NJ first negative, N2 first positive, and Og first negative, as well 
?s to the afterglow radiation from OI 5577A and 6300A emitters.    The calculated time 
dependence of the afterglow signal was found to be consistent with observations. 
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REPORT SUMMARY 

The objective of this project is to investigstc the effects of using sn 

electron besm to artificislly disturb the upper atmosphere, thus simulstlnR 

natural disturbances such as auroras.   This report involves both a general 

study of the effects of electron radiation on the upper atmosphere and the 

specific application of these effects to an experiment performed by the 
National Aeronautic and Space Administration. 

The purpose of this paper is to present an analysis of electron beam 
interaction with the upper atmosphere.   In order to better understand the 

phenomenology that would be involved when the atmosphere is artificially 

excited by an electron beam, specific aspects of an experiment performed by 

Hess et al. (197U) are analyzed.   Electron beam spreading, energy de|)osition, 
and penetration are studied.   Reactions involving air chemistry and radiation 

which result from this interaction are also studied.    Information from the 

NASA "artificial aurora" experiment has been analyzed and compared to the 
results of this study. 

The study is reported in three parts:   the spreading and penetration 

of an electron beam in tho upper atmosphere, together with the effects of the 

motion of 'he beam accelerator are discussed in Section 3.   The atmospheric 

chemistry that is involved due to the electron interaction is discussed in 

Section 4.    Finally, these calculations are compared with NASA observations 

in Section 5.   While the NASA data was quite limited, the description pre- 

sented of the electron irradiation of the upper atmosphere is in good agreement 
with these data. 

The width of the electron cloud as well as the energy deposition has 

been adequately modeled by this analysis.   The effects of the geomagnetic field 

IX 



•ircn«J and orientation HM ton lacfadod.   Tto altttudra at vbtcli alaetiVM 

dapoalt moat of tbalr anarfjr ta • unction of Ika talliai »tactroo aaarir*   Tltta 

penatrauon haa been modtlad by taking into account atmoaplwiic danaity % ana 

tlon with altltuda.   Ualof thia formulation, caJculauooa of Ite aaanr depoaiiad 

aa a hinction of altitude have baan made which ahow good »^rtamvni »uh 

obaarvrd data 

The chamlatry and radiation involvad due to alactron Irradlattoo baa 

been atudled in detail.   A complete daacrlptlon of the vtaible rmiaaton Involvad 

is preaantad.   Thia calculated emiaaion la in good agreement »tth that observed, 

both In Intenalty and in temporal behavior.   With thia agreement, confidence 

haa been gained for predicting the emiaaion intenaltlea during both natural aad 

man-made dlaturbancea of the upper atmoaphere. 
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INTRODüCTIW 

■■■■limn U9 pnmmty MAM tin#—i»# **+.   Oimud Imttit m mUi, ifTit. 
•irtorw (Mair aad Omntm, IHf) Mi rpc<M<Wiw IftrMlvr sad Narrt«, ItTO) 

t>Uiiorma l«w oMaiiird C-ncM« iMwwiaia ol »toctrM MM! MM-drMily 

f»rofil«s fttaaalMr * al.,   iff«. frMMM M ml.. IfTtai, cmcvMrvUcxw of 

ruinor aMctM aad ■mniililn (Ilpf «< •!.. Itt*l. M4 radMIMM tram il 

^WCIM Itliwitej. IM«. t*ttrtiMwi n «I., It?««.   TWorHicsl rakulaii 

•rt la «arvltrtK artr«-mcn( «nil »trafh  •latr rhrmtMn and radtalKm ralmla- 

Uow (ttonaNw.  IMC, Uhrick, IMT. tlmialaw.  I«.««!.   I9.>«v««r. nmHi Iraa 

i« umtrrviond ffering mttmam^mtie «tut«Hianrva. awHi «a a*n>raa 

MraavriMiaia laiwa fro« ir««Ml- Mid airrrafi ha*#<t tiMirumrnm o| 

lha ra<hallon vintllad daring aamral acfivlti hat« *!»«» rai>Nf lrmi»ral »aria 

lion» «a il» radtaiirv laiaaailiaa.   Ilaawiar. Ikpaa waaarywiaaf lM«a bavn 

unabtr ID Uw.%* lW pracW* allltodr ot the nMuilag «WCWi frh«n.hrrl«in. 

1MI. DDMHW.  It'll.   Rncfcri torfw mva«arv»aala, M iW ottrr Mad, M«v 

rialdad lafortMUoa M tW alltiad» dniaadiaca «4 IM radian«« aprriaa {Midar 

•ad Kamai.  |9te   raktaM •« al.. ItTlai hm tmh t»rr limiiad lafbrmaikM) on 

oo Ufmtmrml vanatlnw     Mr« M«v alao twra laaatfciit «ainh lam iba ««trl pnai 

braak*«p afga ol «aror«] actl«ltv. 

A f*»w>liwiaalary üHMIMI ID IM«* dirrci laawMt« pracrama la 

I« «rtiflctally rrval» «a ««rantl .rpr Otttrnthmmt* «a Ma «a«« iiimwwiil br «air 

(ItTl).   Uatng Ifcia ircMlspaa. aa amftrial aarsra «aald M prodPrvd «r laanrhin« 

• liigil-alli«rf» pm*» «iih aaoafcoardaactroa-MMi araiam lo irradtaia Ihr «Uno« 

pMrr «it« rlactroaa.   Aa r^rnmral aiaiilar to Ifcia prop^aal «aa prrformeH 

ty KAIA ta IMff ni«M«f «l.( Iffl. Oavta«««!.. IfM, Itlli.   A mc^rl 



r«t*«rflag fro« 1*4 le IM k» Mi •llitarf»     A*lllli*«l «irtsit* rvcinil«! *•• 

TV iwp»f 1 «ftHh li nlf • a^or»ih»l «Mdrl Ibr rt» rl9«irwi 

mirrariMMi «nil ikr •ttMB«**mr    TW —l|Hl* IVMM • iwcriiUKwi of IW 

<Anp» Md VMMM of tfi» Mrrarttwi rvcioa, «W «liDiAtrir I—M»li«wi W**im 

•r4 »N» cVMMirr aiMf ra^Mim fallo«Mg tkv »iorirc« irradwitan    Tto» 

I« IfMlPd In detail Ml fcclMMM 9 Mi 4     ^trifle raknUllmM o« tkr M 

imvrMtMw Mitr tf» «MiMnt «1 ü» KABA r*p*nm** «v t^rtton—< cMing 

HU« «odrl     hi tirtlO« t( tf» ummUf mmd um# «tnomtruw of tfMr * i»jblr rvrfta 

Uon ar» ralcvUtrd «mf mffi|«rv4 to tfw obwtratMm« madr I« Ih» XASA »«prti- 

m«ni«.   I*arilr«l«r ifrtM u paM M» IIHP «wrlNiiaftw lor pradiHrint CM A radta 

llo« •turh «•• lound in Ik» wviiMr^U to ivr*i*l «Wrr rlrctr««« hr«» 

uradiaiiMi ted 
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NASA "ARTIFJCIAL AURORA" EXPERIMENT 

O« January M. IMf. at »Ai ÜT <4:4& A M , FST), an Arrote* 3.*.0 

rarnrin* an vlactron hrarn accrirramr «raa launched from WaUopa 

lalamf. Virgmta    Jhf rockri lra)vciory had an atimuth »7°, rearhmit an 

•pagM of Stt km at a diatanrr 2? km raal of thr launch polni.   Near aiiogpe. 

Ihr rorkrl «a« matwtivrrvd ao thai Ihr onboard cleclron gun directed Ihe beam 

chmmiard along ilie (romagnelic field     The relation between the rocket tra- 

|rri..r» and the magnetic field, which had a local Inclination of 69 r»0 and a 

dtcllnatlon a4   V la ahown in Figure 1. 

Th» elaclron beam accelerator i-ommenced operation 2<Mi »ec 

after launch    A 21 pulae sequence, each conalatlng of a »wlae e%er>' 2. 7 aec, 

waa mwated for 252 aec.   The 

pulae %-oltagea and .urrent« «ere 

varied from I to ».7 kV and from 

1.5 to 490 ma, reapedj\civ.    Pulae 

duration »«a either 0.1 aec or 

0.98 aec.    The atrongesl |HJI«C 

(numbera 11 and 21 tn the pulsing 

sequence) «ere operated at 490 ma 

and 8.7 kV for 0.96 aec.   Pour of 

theae pulaes were obaerved before 

the electron beam accelerator 

paaaed out of the view of the «round- 

based detectors.   On closer examina- _ 
Figure 1.   Sketch of (he Electron Beam 

tlon of the data, one additional trace Accelerator Trajectory- and 

operating at 490 ma, 4. 9 kV, for the Magnetic Field Orienta- 
tion Described bv Davis 

0. 1 sec was also observed. (1971) 

...... 
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>■*« v tea» a> MU 

L      I    I •4IO* 

* 160« 
MtlO< 

-"   -   ÜQNTM 



Measurements on the irradiated region were made from ground-based 

stations located at Franklin City and Igor using image-orthicon systems with a 

framing speed of 30 frame? per second.   Figure 2 shows the response curve for 

the S-20 photocathode image orthicon and lens system (Davis et al ,  1970). 

The detection sensitivity of this system was estimated to be 500 rayleighs at 

the |ieak of the response curve. 

The signals recorded during 

the ex|)eriment are presented in 

Table 1.   The radiation was 

observed from narrow tubes 

extending from 104 to 130 km 

in altitude.    The measured appar- 

ent width wa? 60 to 240 meters with 

an average of about 130 meters. 

The column brightness while the 

electron beam was on was estimated 

to be approximately 10 to 15 kilo- 

rayleighs after correcting for instru- 

ment sensitivity and was due mainly 

to N2 first negative radiation.    The 

total radiation was observed for 
approximately 1.36 ± 0,07 sec, 

0.38 sec longer than the 0.98 sec 

irradiation time. 

• »VUlNttH.» 

Figure 2. Relative Rtsponse of the 
S-20 Photocathode Multi 
plier and Lens Transtnit- 
tance (Taken From Davis 
H al.,  1971) 

i      i . 



TABLE 1 

OBSERVED WIDTH AND UPPER AND LOWER ALTITUDES OF SIGNATURE PULSES 

ALTITUDE ALTITUDE WIDTH 

AT TOP, km AT BOTTOM, km meters 

FRANKLIN CITY 

1st Signature 127 - 133 105.9 120 

2nd Signatare 130 - 138 105.5 126 

3rd Signature 123 - 131 113.7   

4th Signature 137.5 108.6 132 

IGOR 

1st Signature 123.2 104.1 123 

2nd Signature 125.3 103.9 (64) 

3rd Signature 126 - 128 103.6 117 

4th Signature 128.1 104.5 54 
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SECTIOK 3 

THEORETICAL MODEL OF ELECTRON BEAM 
INTERACTION WITH THE ATMOSPHERE 

Previous studies of electron interaction with the upper atmosphere 

have been performed with particular emphasis on the relationship to auroral 

activity.   Calculations of ionization profiles due to electron excitation have 

been made by Chamberlain (1961).   The interaction of a single collimated 

electron beam with the upper atmosphere, which is analyzed here, presents 

a somewhat more manageable problem.   This model, moreover, is directly 

applicable to the NASA electron beam experiment. 

The various effects of the electron beam interaction with the upper 

atmosphere can be modeled by laboratory measurements.   These effects include 

atmospheric density variations, the magnetic field, and chemical and radiative 

processes following t.ie irradiation.    Experimental data on electron interaction 

with air has been obtained in the laboratory by Grün (1957; and by Cohn and 

Caledonia (1970). 

The energy deposited into the upper atmosphere by an electron beam 

has been calculated by 3erger et al. (1970) whose purpose was to describe 

electron transport from very high altitudes into the upper atmosphere as in the 

case of auroral activity.   Using Lue Monte Carlo technique, they calculated the 

spread of a beam of monoenergetic electrons, injected downward from 300 km 

along the magnetic field, as a function of altitude.    A vertical magnetic fkid 

strength of 0. 6G was assumed.   Under the conditions of constant density and 

the absence of a magnetic field, their calculations were in good agreement 

with laboratory measurements.   A simplified formulation of this problem based 

on their results is presented here to facilitate analysis of the che.nistry and 

radiation. 

Preceding page blank 



In the absence of a magnetic field, the energy deposition in air by an 

electron beam is nearly spherical in shape, its diameter being determined by 

both the electron energy and air density.   The range of the beam measured by 

Griin (1957) was found to fit the relation 

Range = 9. 2 x 1016 E7/4 n"1 cm (1) 

for constant air density in the energy range between 2 and 40 keV.   Here, 

Eo is the initial electron energy in keV and n is the number density per cm". 

For application to the atmosphere with varying density, Equation (1) must be 

modified to 

r n(s) ds = 9.2 x 1016 E 7^4 

o (2) 

where so is the position of the electron beam accelerator,   sf  is the end of the 

electron beam range, and  n(s) is the atmospheric number density along the 

path  s , in our case, along the magnetic field.    For a given   n(s) ,   sf is 

determined numerically using Equation (2). 

From both laboratoxy measurements (Grün,  1957; Cohn and Caledonia, 

1270) and theoretical calculations   (Berger et al.,   1970; Spencer and Coyne, 

1962), the spatial distribution of energy deposition has been found to be independ- 

ent of the electron beam energy.   The energy deposition along the initial beam 

directirn,    T(z/L) , is plotted as a function of z/L in  Figure 3.   Here,   z  is 

the pa tide thickne^c in units of molecules per unit area, and L is the beam 

range in molecules per unit area.   The energy deposited at negative z/L is 

due to backscattered electrons.   The quantity T(z/L) is normalized by the 

relation 



/ 
T(z/L) d(z/L) = 1 

The normalized particle thickness is hence defined as 

s s 

/    n(s) ds / n(s) ds 

•'s "'S o 
s 

/ 

f 

n(s) ds 

9.2xl016Eo
7/4 

(3) 

Thus, for a constant density gas,  z/L reduces to a simple dimensionless 

distance with L defined by Equation (1). 

Consider the case in which 

the electron beam is initially directed 

along a magnetic field.   Electrons 

scattered perpendicular to the mag- 

netic lines of force are turned by the 

field and the spherical shaped could 

is thus narrowed to a column.   The 

range and energy distribution along 

the field do not change and are still 

represented by Figure  3 .   Electrons 

that are scattere' by the atmosphere 

receive a velocity component perpen- 

dicular to the magnetic field and thus 

make circular (or spiral) orbits 

around the field lines     These orbits 

have a Larmor radius: 

2 4 6 6 

AXIAL  DISTANCE,  Z/L 

Figure 3. Energy Deposition as a 
Function of Distance Away 
From the Electron ß^am 
for Constant Density and No 
Magnetic Field 



m  cv 

where q and me are the electron charge and mass, respectively; B is the 

magnetic field; c is the velocity of light; and v   is the component of velocity 

perpendicular to the magnetic field.   In terms of the electron energy,  E , 

RL = ^    (*»e E)1/2    • (3) 

where 0  is the angle between the direction of the motion of the electron and the 

magnetic field.   In the vicinity of Wallops Island, B = 0. 6 gauss, and R 
becomes 

RL = 1. 7 sin 0 E1'2 meters (6) 

where E is expressed in keV.    For the case in which the mfean free path 

between collisions is larger than the Larmor radius, the lateral spreading 

of the beam S   is approximated by the relation 

S± = 2 R    (number of collisions) ^ (7) 

where R-  , the electron Larmor radius averaged over both the energy during 

slowdown and the angle 0 , is approximately 

- 1/2 RL = 1.1 (Eo)       meters    . (8) 

10 



The number of collisions that an electron encounters during slowdown is 

approximately (Berger et al., 1971) 

(number of collisions)   = 25. 6 E3'4    , 
o 

Combining Equations (7), (8), and (9), the lateral spread becomes 

(9) 

S^ a* 11 E '    meters    . (10) 

Note that for the case in which the collisional mean free path is much larger 

than the Larmor radius, the lateral spread is independent of the density.   The 

electron cloud when directed along the magnetic field becomes a column with 

a diameter S± it the widest point.  z/L =*   0.5   . 

The average energy W required to form one ion-electron pair 
(Landshoff et al., 1966) is 

W = 33.73+  §.53(Eo -E.^^JeV per ion pair (11) 

where Eo is the initial beam energy in keV, and  E. - 0.015 keV is the mean 

ionization energy for air.    The ion-pair formation rate in the atmosphere by 
electron beam irradiation is 

.     ,     3              I Eo T(Z/L)   d(z/L> ion-pair s/cm -sec =     v " 
wsi

2       ds 

= 1.86 x 10'3 lE^5/2T(z/L) n(s) 

(12) 

11 



where Eo and I are the beam voltage in kilovolts and current in amperes, 

respectively, and n(s) is the atmospheric number density per cm . 

12 



SECTION 4 

ATMOSPHERIC CHEMISTRY ASSOCIATED 
WITH ELECTRON IRRADIATION 

The chemistry associated with the electron beam irradiation 

determines the radiation observed from the ground.     Consequently, in order 

to predict, or analyze the observed signal from electron irradiation, a detailed 

study of the chemistry must be performed. 

The beam electrons which ionize the atmosphere use the remainder 

of the 35 eV energy yielded in the creation of one ion pair in dissociation and 

in excitation of electronic, vibrational, and rotational modes.   This interaction 

leads to reactions which produce visible radiation.   The chemistry that follows 

the electron irradiation may be described by coupled second-order differential 

equations of the form 

|M  .D^M + |M (13) 
chem 

The first term on the right-hand side accounts for the difi'usion effects to be 

discussed at the end of this section.   The second denotes the change in con- 

centration of M due to chemical reactions.   This term is of primary interest 

in predicting the electron interaction with the upper atmosphere. 

Since the altitudes at which the electrons deposit their energy (for 

the purposes of this analysis) are above 100 km, the chemistry consists mainly 

of binary reactions.   Thus, to simplify the analysis, both radiation and electron 

interaction with the atmosphere are treated in the same form.   The general 

reaction for producing species M is written as 

ki A. + B. -i M + C. + D. (14) 

13 



where the subscript i denotes any species that is involved in forming species 

M and  k.   is the rate constant for the reaction.   The reverse reaction is 

written as a separate equation 

k. 
J 

J "I     ~i 
C, + M -J A, + B. (15) 

with subscript j denoting a species involved in removing M. The rate constants 

k. and k are related by the equilibrium conditions. The net change in the con- 

centrations of species  M due to chemistry becomes 

8M/9tlchem =    £ ki [Aj[Bj - I k. [M]^] (16) 

where the brackets denote the concentration of the species designated within 

these brackets.   This binary reaction scheme has been generalized to handle 

from zero to three reactants and from zero to three products. 

In order to treat the electron beam interaction with the atmosphere, 

an artificial chemical reaction with zero reactants and a production rate equal 

to that calculated from Equation (12) was used.   This production of ioi ■ was 

then weighted by the relative production of each ionic species. 

Reactions leading to ionization and their relative production rates 
are: 
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Relative 

Reaction 
Production 

Rate 

N9 + e + en 2              p 0,75 

N+ + N + e + e 
P 

0.19 

N2<B2<) + e^p 0.06 

02 + e + ep 0.70 

O + 0+ + e + e 
P 

0.29 

O* (b4 2g) + e + 
".' 

0.01 

Hi f»-n iu_. 

(Landahoff et al., 1967) (Kl) 

.'2   - N   + N + e + ep 0.19 (Rapp et al.,  1965) (R2) 

(Borvt and Zipf, 1970a) (R3) 

(Undahoff et al., 1967) (R4) 

J2   — O ♦ O   ♦ a ♦ • 0. 29 (Rapp et al.. 1965) (R5) 

J.    ii   _ 

(Borat anO Zipf,  1970b) (Re) 

and 

ep + 0     —o   +e + e 1.0 (Kieffer and Dunn,  1966) (R7) 

The subscript p denotes the fast beam electron.   Reactions (R3) and (R6) 

illustrate examples of the production of excited states.   In these caaea, the 
ions radiate in the first negative bands 

N2(B2z;)^N^(X2^) T   .6.7xl0"8aec (R8) 

(Borat and Zipf, 1970a) 

and 

02 **4 2K
, - 02 ^ ng) T   - 1.2 x 10"6 sec fR9) 

(Borst and Zipf, 1971) 

These radiation sources are particularly useful as their intensitiea are directly 
related to their ionization rates. 

ir. 
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TABLE 2 

K)N EXCHANGE REACTIONS 

Reaction 
•Reaction Rate 

(cni3/8ec) Reference 

' N - N2 ♦ N* 1x lO"11 
(DASA,  1967) (R20) 

Ü  - NOV ♦ N 2.5X10-10 
(Norton and Barth,  1970) (R21) 

O - NO* ♦ N(2D) 7 x lO"11 
(Norton and Barth, 1970) 

"I* O - N2 ♦ O* 1 x 10"12 
(Goldan et al.. 1966) (R23) 

02-N2 + 05- 3 x lO"10 
(Dunkln et al. .   1968) (R24) 

02 - NO* ♦ NO 1 x lO'17 
(Duadn et al.,  1968) (R25) 

NO - N2 ♦ NO* 3X10-10 
(Goldan et al., 1966) (R26) 

O - N ♦ O* IXIO'12 
(Schmeltekopf et al., 1968) (R27) 

O2^N + O; 3 x lO"10 (Dunkinetal., 1968) (R28) 

02 - NO*♦O 3x 10'U (Dui.kinet al..  1968) (R29) 

«♦♦ 02 - O ♦ NO 1 x 10  *" (DAM, 1967) (R30) 

NO - N ♦ NO* 8X10-10 (Dunkln et al.,  1968) (R31) 

NO - N2 ♦ O 3 x 10'12 (DASA,  1967) (R32) 

NO - O* ♦ N2 1 x lO'12 (DASA.  1967) (R33) 

N2 - NO* ♦ N IXIO'12 (Schmeltekopf et al., 1968) (R34) 

o% o2-o+o; 2X10-11 
(Dunkinetal., 1968) CR35) 

NO - O ♦ NO* 1.3 x 10"12 (Goldan et al.. 1966) (R36) 

N - NO* ♦ O 1.8 XIO"10 (Goldan et al., 1966) (R37) 

»;♦ NO - NO* ♦ 02 SXIO"10 
(Goldan et al., 1966) (R38) 

N2 - NO* ♦ NO 1 x lO"17 (Feldman et al.,  1971b) (R39) 

Hates gnen at 300   K unless otherwise noted. 
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TABLE 2 (Continued) 

Reaction 
 —Tf  

Reaction Rate 
(cm^/sec) 

Reference 

N2 + e-N(2D) + N 2.8 x 10"7(T/300)*0,2 (Mehr and Biondi, 1969) (R40) 

O^ + e - O^D) + O 2. Ix 10"7(T/300)"0,7 (Feldman et al., 1971a) (R41) 

O* + e - (Vs) + 0 2.2 x 10"8 (1/300)'0•7 (Feldmanet al, 1971a; 
Donahue et al., 1968b) 

(R42) 

NO+ + e - N{2D) + O 3 x 10"7 (T/300)"1,0 (DASA,  1967) (R43) 

NO+ + e ^ N + 0 Ix 10 ^Z T/300)"1*0 (DASA,  1967) (R44) 

0+ + e + M—O+M Ix 10 "26( T/300)"2,5 (DASA,  1967) (R45) 

N+ + e+M-N*+M Ix 10 "26( T/300)"2-5 (DASA,  1967) (R46) 

Radiative and chemical processes also involve the neutral species 

excited or formed by the electron beam: 

Reaction 

2       * N(D)+02^NO   +0 

N +02(8^) - NO +0 

N+09^0+0 

N + NO - N0 + O 

O + NO   -* N02 + hi/ 

(green continuvm) 

* Reaction Rate 
(cm^/sec) Reference 

6x 10 

3 x IO" 

2.4xlu 

-12 
(Nicholet, 1Ö65; Black, 1969)    (R47) 

(Hunten and McElroy, 1968;       (R48) 

Clark, 1970) 

690/T 
(Kaufman, 1969) 

1.5x10" 2T1/2     (Feldman et al-, 1971b) 

6.4 x 10 -17 
(Fontijn et al.,  1964) 

(R49) 

(R50) 

(R51) 

Rates given at 300   K unless otherwise noted. 
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Reaction Rate 
Reaction (cm3/sec) Reference 

N( D) ^ N + hv (5199A) T = 10° sec (Wiese et al. ,1966) (R52) 

0( S) ^ 0( D) = hv(5577A) T = o. 74 sec (Wiese et al., 1966) (R53) 

0(1D) - 0(3P) + hv^OOAj T . 110 sec (Wiese et al^ 1966) (R54) 

Competing with these radiative transitions are collisional deactivation reactions 

0( S) + 02 - 02 + OCP) 3 x 10 " (Zipf, 1969) (R55) 

0(1D):+ N2 ^ N2 + 0(3P) 5 x 10'11 (Zipf,  1969) (R56) 

0(1l))+02~02(a1&g)+0{3P)    4X10'11 (Zipf, 1969) (R57) 

and 

O(lS) +0^O + O 7.5x 10~12     (Felder and Youug, 1972)    (R58) 

t 

For large NO concentrations, as observed during auroral activity 

(Zipf et al., 1970),    the following quenching reactions are also important: 

p(1S) + NO - (all paths) 4 x lO-10 (Zipf, 1969) (R59) 

and 

0(1D) + NO- (all paths) 1.5 x lO-10 (Zipf, 1969; (R60) 

These reactions, however, do not play an important role in the NASA 

electron beam experiment where the ambient atmosphere was quiescent with low 

NO concentrations.   Three-body reactions are very slow for altitudes above 100 km, 

and, are not included. 
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Diffusion and heating can play an important part in the chemical 

processes.   The effect of diffusion is to dilute the concentration of the excited 

species and to slow down the reactions between two excited species.   The 

change in concentration of species M due to molecular diffusion in Equation (13) 

is treated as an axisymmetric two-dimensional problem.   The diffusion coefficient, 

D , determined by Kenneshea and Zimmerman {1970b), is shown in Figure 4. 

The shaded portion of the curve represents the eddy diffusion region which is 

generally observed below 106 km.   Above this altitude, the diffusion becomes 

dominated by molecular transport.   A more complicated diffusion coefficient 

affects dissociative-recombination processes, Reactions (R33) through (R37). 

Here, the diffusion involves two charged species.   Hence coulomb attraction 

and the effects of the geomagnetic field must also be taken into account. 

Electron beam heating of 

the irradiated region has been evalu- 

ated by accounting for the energy 

deposition when one ion pair is 

formed.   This energy is distributed 

in heating, dissociation, excitation, 

and radiation.   A detailed evaluation 

of heating rates requires calculation 

of the electron cooling rate, the 

chemical reaction rates, and the 

radiative emissio i.   Since this is a 

substantial task, the heating rate is 

crudely estimated for the atmospheric 

doso levels in Ihn NASA experiments. 

The energy deposition leading to 
. t.      , . ..      .   , Figure 4.   Diffusion Coefficient at 
heating the atmosphere is estimated Different Altitudes (Taken 
to be 2/3 of the 35 eV required for From Keneshea and 

Zimmerman (1970)) 
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ion formation.   The remaining third of the energy is assumed to be either used 

in dissociation or radiated away.   For the conditions oi the NASA experiment, 

this gives a temperature rise of about 10K.   Since this rise is small, more 

detailed calculations have not been considered. 
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SECTION 5 

APPLICATION OF THE MODEL TO NASA 
"ARTIFICIALAURORA" EXPERIMENT 

In this section, the model developed in the previous two sections is 

employed to analyze tb? NASA "artificial aurora" experiment.   We shall 

determine the extent of the electron irradiated region and compute the chemical 

and radiative processes that take place in the atmosphere. 

The ionized region in the NASA experiment is a cylindrical volume 

lying along the geomagnetic field.   Near the electron gun, the beam width is 

narrow, becoming widest in the region of maximum energy deposition.    The 

ion pair formation rate per unit volume of atmosphere, calculated from 

Equations (2) and (10) for Eo - 8.7 kV  and I - 0.49A , is shown in 

Figure 5.   The altitude of the electron beam accelerator was taken to be 
250 km, although this is not a critical 

figure as very little energy is deposited 

above 200 km.   The number density, 

n(s) , was based on the 1962 Standard 

Atmosphere. 
180 

Since each electron in the 

beam slows down within several milli- 

seconds, i,he atmosphere is effective^ 

at rest during the energy deposition by 

an electron.   The total ionization per 

unit volume, which depends on the 

irradiation by many electrons, however, 

does depend on the motion of the elec- 

tron accelerator and the atmosphere, 

the time in which the electron gun is 
on and the size of the electron cloud. 

t    140 

i I l i 1 1—i—r-r-r 

ELECTRON ACCELERATOR 
OPERATING CONDITIONS 

8.7 keV 
490 mo 
695° dip anglj 

\ 

I06 ,07. 
RATE OF ION PRODUCTION    ip/cm'-MC 

Figure 5.   Ion Production Rate With 
Respect to Altitude Calcu- 
lated for Conditions of the 
NASA Experiment 
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The observed size of the irradiated region depends also upon the type 

of observation.   That is, optical measurements of prompt emission ppectra 

would indicate a small cloud size, whose lateral spread is due only to the 

electron beam multiple scattering.   On the other hand, the- size determined 

from measuring tue emission of metastable species such as 0( S) , which have 

long lifetimes compared to the electron beam pulse, would appear much larger. 

Since the emission from 0( S) persists much after the irradiation time, the 

observed cloud size includes not only the lateral spread due to electron scat- 

tering, but a wake of emitting air left by the moving electron beam. 

The time r   that a point is irradiated for a continuously operating 
beam is 

T3 (17) 

where S    is the lateral spread of the excited cloud (about 74 meters) and v   is 

the component of the electron gun velocity perpendicular to the geomagnetic 

field.   The latter is given by the vector equation 

^=Bx(rxBJ=r-(r-2B)g=r. ^ cos0 ^ 
B- B" B 

(18) 

where 

cos6=lv^B) 
vB 

In terms oi :he rocket trajectory 

cos 0 = cos  Y - |vH cos{90 - a + ß ) - v    sin(90 - a + ß )21 21 cosf\ 
2 v 

(19) 
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Here,  vH and vv are the horizontal and vertical components of the vehicle 

velocity calculated from the apogee and range of the rocket; a = 97° is the 

azimuth of the rocket trajectory with respect to true north; ß = -8° and 

7 = 69.5   are the declination and inclination of the geomagnetic field.   Note 
that at apogee, where vv » 0, Equation (19) reduces to 

0 = cos"1 sin(-150) cos 69.5° = 95° (20) 

The velocities across field lines,  v^ , for the four visible pulses 

(numbers 11 and 21 of the first two pulsi ig sequences) are presented in Table 3. 

TABLE 3 

VELOCITY ACROSS MAGNETIC FIELD LINES 

MEASURED AT MEAN BETWEEN 
FRANKLIN CITY 

AND IGOR 
CALCUi^TED 

FRANKLIN CITY IGOR 

Pulse 1 98 68.6 84 110 

Pulse 2 132 134 133 131 

Pulse 3 160 187 173 154 

Pulse 4 149 224 187 178 

These velocities were determined from observations of the irradiated region from 

Igor and Franklin City.   Notations were made of the angular velocity of the 

cloud, the distance from the irradiated region to the observation post, and the 

angle made between the line-of-sight with the direction of motion of the electron 

beam.    These observed velocities are presented together with the velocities 

using Equation (22) with the horizontal and vertical components of the acceler- 

ator velocity der.ved from the accelerator trajectory.   A sketch of the motion 

25 



of the electron-beam-excited cloud is shown in Figure 6.   The irradiated region 

is approximately clyindrical in shape with a diameter of 74 meters and a 

velocity of v   .    As seen in Figure 6, Region A is illuminated for the maximum 

time that the atmosphere can be irradiated by the electron.   Neglecting air 

motion, this time corresponds to 0.67, 0.56, 0.48, and 0.41 sec for the four 

brightest pulses respectively.   The total apparent width of the irradiated air 

shown by the distance B on Figure 6 is 

S±(apparent) = 8^+ V±TA (21) 

where T»   is the afterglow duration after beam shutdown, 0.38 sec.   If winds 

are again neglected, this apparent width becomes 112, 123, 129, and 141, 

respectively, for the four brightest pulses.   Depending on wind direction, 

atmospheric winds may either increase or decrease this irradiation time. 

If the wind is blowing in the same direction as the motion of the electron beam 

accelerator, the apparent width of the irradiated cloud becomes 

ELECTRON BEAM ACCELERATOR LOCATION S1(apparent)= Sx + (v± - VA) TA (22) 

Figure 6.    Sketch of the Electron 
Irradiated Region as the 
Electron Accelerator 
Moves Through the 
Atmosphere 

where v. is the component of atmos- 

pheric velocity parallel to v . 

The atmospheric emission 

produced by electron beam irradiation 

can be divided into two oarts; (1) prompt 

(short lifetime) and (2) ai^erglow (long 

lifetime) radiation. 

The prompt radiation in the 

NASA observations was from the 

N^l-), O^l-), and N2(l+) bands 
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as produced by Reactions (R8), and (R15), respectively.   The emission from 

these sources is shown in Figure 7 as a function of altitude.   Since the radiative 

lifetimes of these sources are very short compared to the electron irradiation 

time, their radiation remains essentially constant over the electron beam pulse. 

The upper scale in Figure 7 gives the emission integrated through the irradi- 

ated region along the line-of-sight.   The path length through the cloud was taken 

to be 100 meters, corresponding to line-of-sight through the 74 meter wide 

cloud at 108 km altitude when seen from the ground at Franklin City.   The 

dashed line represents the combined brightness of all the prompt radiation 

sources, and the dotted line represents the emission from these radiator.* when 

corrected for instrument sensitivity.   Note that the combined brightness of 

these sources exceeds 1 kilorayleigh between 104 and 132 km.   This is in 

agreement with measured le suits presented in Table 1. 

Other intense prompt radiation 

bands, such as the N2 second positive 

and the Lyman-Birge-Hopfield bands, 

are also excited by the electrons.   For 

an extensive list of these radiators, see 

Chamberlain (1961).   Only the radia- 

tion which falls within the bandwidth of 

the NASA detectors, however, are 

treated in this section. 

EMISSION OVER THE LINE OF SIGHT.KR 

200 

180- 

|   160 

140 

120 

The radiation from 0( S) 

and 0( D) metastable species also 

contribute to the observed signal. 

The intensities of these radiators 

are plotted as a function of time for 

106, 110, and 120 km in Figures 8, 
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(X'S       5S77A       ; 

02 04 06 08 

TIME, SECONDS 

10 

Figure 8.   Calculated Emission Inten- 
sities From 0(1S) and 0(1D) 
During Electron Irradiation 
at 106 km Altitude 

9, and 10 respectively.   The prompt 

3914A signal from the N^l-HOO) 

transition is also plotted in these 

figures for comparison. 

These intensities were 

calculated from the mean energy depo- 

sition late at each altitude.   It should 

be noted that the electron irradiation 

is not uniform throughout the cloud, 

but instead, is more concentrated 

near the beam axis.   Howe/er, even 

though the chemistrv changes with 

the variation of dose rate, the total 

effect is somewhat averaged out over 

the width of the cloud. 
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Figure 9.   Calculated Emission 
Intensities From 0(1S) 
and 0(1D) During Electron 
Irradiation at 110 km 
Altitude 

Figure 10.   Calculated Emission 
Intensities From 0(1S) 
and 0(1D) During Electron 
Irradiation at 120 km 
Altitude 
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The emission from 0( S) and 0{lD) is seen to increase with 

irradiation time.   This emission may continue to increase even after the 

irradiation due to the continuation of dissociative-recombination reactions 

which are a source of these states.  While the «mission from directly excited 

prompt radiators quickly drops to zero when the irradiation cease.*, these 

metastable states continue to emit t-sJmtion for several seconds.   The O^S), 

which accounts for a major part of this radiation, ia produced In Reactions 

(RIO), (Rll), (R17), and (R42), and is depleted by radiation (R53) and quenching 

(R58).   The emission in the afterglow is presented in Figures 11. 12. and 

13. for altitudes of 106. 110. and 120 km. respectively.   These signals wer« 

calculated for an irradiation time of 0.67 sec, corresponding to the maxi- 

mum irradiation time of 0.41 sec were also carried out and ahowed the 

same general shape with only slightly lower Initial intensities. 
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Figure 11.   Emission Intensity of 
Afterglow Radiation From 
0(1S) and O(lD) After 
0.67 Sec Irradiation Time. 
106 km Altitude 

Figure 12.   Emission Intensity of 
Afterglow Radiation From 
0(15) andO(lD) After 
0.67 Sec Irradiation Tim«. 
110 km Altitude 
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SECTION« 

DISCUSSION AND CONCLUSIONS 

Ew* tboygb UM <tola obUlned from the NASA Artificial Aurora 

•nmrimmm ««rt limited, they alloarad ua to derive aeverai Important results 

eoncerning iht effect of electron bombardment of the upper atmosphere.   The 

sue, ttmpm, aad altitude dependence of the observed signal gave some Insight 

to fco» electrons deposit their energy Into the atmosphere and the upper atmos- 

pheric chemistrv involved In a disturbance by energetic electrons. 

The electro« alow-down In the upper atmoaphere has been modeled 

fey a airaple attenuation process by fitting Equation (1) to the altitude dependent 

atmospheric number dtnalty.   The alte and shape of the cloud haa alao been 

modvled.   The electron interaction with the stmosphere was modeled by fit- 

ting the energy dlMrlbutlon ss messured in She laboratory 'o a varying density. 

The radial spresd of the irradiated region waa calculated by replacing the 

electron mrsn free-path by the electron Larroor radiua    The resulting electron 

intersninn usi>m this techni«|ue waa consistant with the reanlta of Berger 

et al.  (ItTO). 

In the NASA experiment, the «lie and shape of the cloud were deter- 

mined from mesaurements o. visible light emiaaion.   In order to interpret the 

data, both the interactior of electrona with the atmoaphere and the resulting 

chsmiMry and radiatian have been calculated.   Thia viaible emission consisted 

of essentially two classea of signals:  prompt (short lifetime) radiation which 

disawar* in les» than a mllllaecond after beam turn-off, and long-lifetime 

radiation from metastahie male» wttoae radiation persisted for several tenths 

Ufa second after beam turn-off.   The width of the obeerved columa has been 

drlennined by comoinlng the radiation temporal distribution, the Inatrument 

r, aad the motion of the electron beam accelerator.   While the data 

Preceiiii pige blank 



taken during the NASA experiment shows too much scatter to infer an exact 

cloud width, the calculated cloud sizes agree with the experimental observations 

within experimental error. 

The motion of the electron beam accelerator determined the air 

irradiation time.   Atmospheric winds, which have not been considered, would 

move neutral species in and out of the irradiated region and complicate the 

analysis.   The effect of winds on neutral species is to increase or decrease 

their interaction time with the electron beam.    The electrons, on the other 

hand, are trapped by the magnetic field, and are affected by the atmospheric 

motion only through their attraction to the ions.   The ions are dragged by 

collision with neutral species, and by coulomb attraction to the electrons. 

Thus, including atmospheric motion in the analysis would   change , 

the afterglow signal due to metastables, while the prompt radiation would 

remain essentially unchanged. 
i i 

The chemistry involved in the electron beam excitation yields inter- 

esting results even from the limited data available.   Detailed study of the after- 

glow signal from the NASA Artificial Aurora determined the amount of 0(1S) 

produced.   While the prompt radiation signal consists ot the sum of N^(l-), 

N9(l+), and 09(1-) bands, the main contributor to the afterglow is 0( S). 
2l' Other metastable radiators in the visible include N( D) and 0( D) which have 

much longer radiative lifetimes and thus contribute insignificantly to the total 

emitted signal.   Analyzing the d^.ta available, as discussed in the previous 

section, leads to the conclusion that the 0( S) production can be attributed pri- 

marily to the dissociative-recombination of O- . 

As seen from Figures 8, 9, and 10, the total O^S), 5577A signal riay 

build up to over one third of the N2(l-) 3914A signal within one second of irradia- 

tion, in agreement with what has been observed in auroras.   The additional 

contributions of the   (v» = 0, v" = 1) and higher vibrational bands of N9(l+) band?, 

as well as the 02(1-) band, however, make the 0( S) signal much lower than the 
1 

prompt radiation signal.   This 0( S) signal, when corrected for instrument 

sensitivity, is consistent with the NASA observations. 

34 



The model developed in thip report for calculating the visible 

emission from electron beam excitation shows good agreement with observed 

results,,   While these calculations were used to analyze the NASA experiment 

performed in 1969, the same techniques should be valid for predicting the 

results of similar types of atmospheric disturbances including future electron 
beam experiments. 

i        i 
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